The current available CMB data show an anomalously low value of the CMB temperature fluctuations at large angular scales ( < 40). This lack of power is not explained by the minimal ΛCDM model, and one of the possible mechanisms explored in the literature to address this problem is the presence of features in the primordial power spectrum (PPS) motivated by the early universe physics. In this paper, we analyse a set of cutoff inflationary PPS models using a Bayesian model comparison approach in light of the latest Cosmic Microwave Background (CMB) data from the Planck Collaboration. Our results show that the standard power-law parameterisation is preferred over all models considered in the analysis, which motivates the search for alternative explanations for the observed lack of power in the CMB anisotropy spectrum.
I. INTRODUCTION
The predictions of the minimal cosmological constant (Λ) + cold dark matter (CDM) model with a primordial potential spectrum (PPS) of the power-law type shows a good agreement with the current Cosmic Microwave Background (CMB) observations [1, 2] . However, despite of its consistency with CMB observations there are some tensions which emerge when different data sets at intermediate scales (z < ∼ 1) are analysed in the context of this model. Some examples are the present-day value of the Hubble parameter, estimates of the power spectrum amplitude on scales of 8h −1 Mpc, and measurements of the matter density parameter (see, e.g., [3] for a general discussion and the references therein for details).
Another intriguing aspect of the current data are the features on the CMB temperature power spectrum which are not fully explained by the standard ΛCDM cosmology. In particular, the lack of angular power at large scale (see [4] [5] [6] [7] for an exhaustive discussion) was firstly noticed by the Cosmic Background Explorer (COBE) [8] satellite and later confirmed by the Wilkinson Microwave Anisotropy Probe (WMAP) experiment [9] and by the Planck satellite [10] . Although the deviation from the ΛCDM best-fit prediction lies in the cosmic variance uncertainty, the possibility that it is due to a physical mechanism in the early universe cannot be excluded. Indeed, if one admits that CMB anisotropies are sourced by quantum fluctuations generated during inflation, thus this lack of power could be explained by some mechanisms, such as a negative running of the spectral index [11] [12] [13] [14] [15] or a feature at large wavelengths of the primordial power spectrum able to produce a depletion of power. Such features can be obtained, for example, from a brief violation of the slow-roll condition [16] [17] [18] , or assuming an inflationary epoch preceded by matter or radiation domination [19] , or considering an oscillating scalar field which couples to the inflaton [20] , or also assuming that the onset of a slow-roll phase coincides with the time when the largest observable scales exited the Hubble radius during inflation [21] .
Since features in the PPS has been the most common mechanism to address the problem of lack of power at low multipoles in the CMB anisotropy spectrum, in what follows we present a Bayesian model selection analysis of singlefield inflationary models able to explain this problem, the so-called "cutoff PPS models". Such models ranges from the simplest empirical models, without assuming any physical mechanism responsible for the feature [22] [23] [24] [25] [26] , to most complex ones, where the modulations in the PPS are obtained by a given physical mechanism [19, 21, 24, 25, 27, 28] . Our study differs from previous investigations (see, e.g., Ref. [24] ) in two aspects. First, we use the most recent data from the Planck Collaboration. Second, we perform an accurate Bayesian analysis of such PPS models in order to investigate their compatibility with the high accuracy of the Planck data. Differently from the statistical methods used in Ref. [24] , the Bayesian model comparison selects the best-fit model by achieving the best compromise between quality of fit and predictivity and by evaluating whether the extra complexity of a model is required by the data, preferring the model that describes the data well over a large fraction of their prior volume.
This paper is organised as follows. Sec. II briefly introduces the inflationary model and reviews the class of inflationary models considered in this work. In Sec. III we discuss the observational data sets and priors used in the analysis as well as the Bayesian model selection method adopted. In Sec. IV we discuss the results and present a comparison with previous analysis. We end the paper by summarising the main results in Sec. V.
II. INFLATIONARY SCENARIOS
The standard inflationary dynamics is governed by the action,
where R is the four-dimensional Ricci scalar derived using the metric g µν and V (φ) is the potential energy of the inflaton field. The dynamics of the inflation field is governed by the Friedman and Klein-Gordon equations
where H is the Hubble parameter and the derivatives with respect to the cosmic time and scalar field are denoted, respectively, by dots and primes. In the slow-roll regime inflation is realised by the single scalar field φ slowly rolling down its potential V (φ). It is characterised by the slow-roll parameters:
where δ = −φ/Hφ. In terms of these parameters, inflation happens when << 1 and lasts for a sufficiently long time for η << 1. One should note that the acceleration condition ( << 1) also implies that the comoving Hubble radius (aH) −1 is a decreasing function of time. In order to study the curvature perturbation R produced due to fluctuations in the scalar field φ, one can use the Mukhanov-Sasaki equation [29] 
where u ≡ −zR and z ≡ aφ/H. The solution of this equation can be obtained by considering a Bunch-Davies vacuum, in which all modes of cosmological interest are well inside the horizon at sufficiently early times (k/aH 1), such that [30] 
We can define the primordial power spectrum of curvature perturbations P R (k) in terms of the vacuum expectation value of R
where δ is the Dirac delta function and the factor 2π 2 /k 3 is chosen to obey the usual Fourier conventions. On the other hand, P R (k) is related to u k and z via:
The simplest shape of the primordial power spectrum in the standard ΛCDM cosmology is the power law parameterization, which can be obtained considering the slow-roll approximation of the single-inflaton field [31] : where n s is the spectral index, which is constant for power law models (n s = 1 corresponds to a scale-invariant, Harrison-Zel'dovich-Peebles power spectrum), A s is the spectral amplitude and k 0 is the pivot scale set equal to 0.05 Mpc −1 . In terms of the slow-roll parameters we can evaluate the primordial power spectrum parameters as
Similarly, inflation also predicts tensor perturbations (gravity waves) which produces a tensor spectrum P t (k) written as
where A t and n t are, respectively, the tensor amplitude and tensor spectral index. Again, in terms of the slow-roll parameters we can rewritten them as
where r ≡ P t (k)/P R (k) 16 is the tensor-to-scalar ratio (the relative amplitude of the tensor to scalar modes). However, considering the recent BICEP2 results [32] we set r = 0 or P t (k) = 0.
In the next section, we describe the reference model used in our analysis, the power-law potential, and the inflationary primordial power spectra with infrared cutoff explored in this work. The latter use in general the additional cutoff parameter, k c , which denotes the mode where the model diverges from the reference one. These cutoff potentials can be divided into two main categories, namely, the empirical parametrizations, able to produce the low power at high scales, and the physical motivated models, that can modulate the primordial potential with an observed feature. For illustration purposes, in Fig. (1) we show the features introduced in the primordial spectrum by such inflationary models using the best fit parameter values of Tab. IV.
A. Power Law (PL)
The Power Law potential is given by Eq. (11) and can be considered part of the standard cosmology, as the scalar index n s and primordial amplitude A s are included in the minimal set of six cosmological parameters of the ΛCDM model. The most recent temperature data of the Planck Collaboration [1] exclude the exact scale invariance, n s = 1, at more than 5σ, constraining the spectral index to n s = 0.9655 ± 0.0062 and the primordial amplitude to ln(10 10 A s ) = 3.089 ± 0.036 (we refer the reader to Ref. [33] for a discussion on the n s = 1 case). In our work we choose to use this PL parameterization (dashed black line in Fig. 1 ) as the reference model. It is worth noticing that all the models discussed in this paper can be written as modulation over the power law model, i.e.,
where F (k, Θ) is the modulation part and Θ is a vector which characterizes the extra parameters.
B. Running spectral index (RN)
Possibly, the slightest deviation from the PL power spectrum is obtained by considering the dependence of the spectral index with the scale through the parameter α s = dn s /d ln k. The "running of the spectral index" [11] [12] [13] [14] [15] is the second order deviation from the scale invariance, and can be expressed in terms of slow roll parameters as
Although the variation of the spectral index is expected to be small (of the order of 10 −3 in the slow-roll approximation), this correction leads to a suppression of power at large scale in the power spectrum, as showed by the solid red line in Fig. 1 . Even with the low statistical significance wherewith is presently measured 1 , its behaviour could point to a deviation from the scale-invariant power law model. It worth mentioning that even though a sizable value of α s can violate the slow roll approximation, there are models in which the running parameter can be large while still respecting the slow-roll approximation [12] [13] [14] [34] [35] [36] .
In the present work we use the standard parametrization for the PL model with running of the spectral index:
C. Sharp cut off (SC)
The simplest empirical model able to describe the observations at large scales is given by the functional form:
where, k c , is the scale at which the power drops to zero. Using only one extra parameter, this model is able to produce a spectrum that recover the power law model on small scales, as we can see in Fig. (1) (green line) . This amounts to saying that the constraints on the cosmological parameters remain unchanged. Notice that we are not concerned about the form of the spectrum near the cutoff, instead we are here interested in parametrising the k c scale. Previous works have considered this model and found constraints on the cutoff scale k c [22] [23] [24] .
D. Exponential cut off (EC)
Another phenomenological parametrization of cutoff can be expressed in the simple exponential form [25, 26] :
where k c is the scale of the cutoff and α is a measure of its steepness. This model is shown as the yellow curve in Fig. 1 . Like the previous one, it also recovers the simple power law form at small angular scales, such that the constraints on the cosmological parameters are not affected.
E. Pre-inflationary radiation domination (PIR)
This model has been proposed in the context of spontaneous symmetry breaking phase transitions [19, 37] , arising in gauge theories of elementary-particle interactions [38] . It considers a Universe containing two components during the phase transition, namely, the radiation and the vacuum energy, and assumes that the pre-inflationary Universe was in a radiation-dominated phase which eventually evolved to a vacuum-energy-dominated (or de Sitter) phase [19] . As shown in [19, 27, 28] , this can lead to modulations in the PPS, such as an infrared cutoff with a "bump".
We consider the following functional form:
where y = k/k c . The cutoff scale k c is set by the Hubble parameter at the onset of inflation and the current horizon crosses the Hubble radius around the onset of inflation. The behaviour of this potential is shown (magenta line) in Fig. (1) .
F. Pre-inflationary kinetic domination (PIK)
A power spectrum amplitude suppression is also obtained assuming an inflationary stage where the velocity of the scalar field is not negligible, without necessarily meaning the interruption of inflation [25] . However, in order to affect the low-multipoles, this stage should occur very close to the beginning of the inflation, e.g., assuming a preinflationary phase with domination of the kinetic term. Thus, the difference of the vacuum in the inflationary kinetic domination phase (relative to the fast-rolling inflationary phase) would imprint a feature in the power spectrum at large scales, corresponding to first modes that crossed out of the Hubble radius at the onset of inflation (see [21] and references therein).
The PIK model is given by [21, 24, 25 ]
with
where H inf is the Hubble parameter during inflation and H
0 and H
1 stand for the Hankel function of the second kind with order 0 and 1, respectively.
Under some conditions [24, 27] , the primordial power spectrum can be rewritten as:
For our analysis purpose, we will treat the H inf as the extra free parameter, as done in Ref. [24] . This potential is shown in Fig. (1) (light blue line) .
G. Starobinsky (SB)
This model was proposed by Starobinsky [39] and assumes that the potential of the effective scalar field, which controls the inflationary phase, has a singularity in the form of a sharp change in its slope. This feature would be able to produce an infrared cut off followed by the bump that arises naturally as the first peak of a damped ringing [21] . One can choose the value of the scalar field where the slope changes abruptly to be φ 0 , and let the slope of the potential above and below φ 0 be A + and A − , respectively, in such way that the general form of the scalar field potential can be expressed as:
where V 0 is the value of the potential at φ = φ 0 , A + and A − are model parameters greater than 0. The resulting power spectrum for this model is [39] 
with D 2 (y, ∆) being the transfer function responsible for making the underlying power spectrum non-flat around the point k c [39] [40] [41] , when ∆φ ≈ (φ − φ 0 ) is small,
where y = k/k c (with k c denoting the location of the step but without effect on the shape of the spectrum) and ∆ = A+−A− A+ . In this case we consider the transfer function applied over the simple power law model. It is important to notice that the power spectrum P (k) has a sharp decrease followed by a bump at small k with large oscillations and a flat upper plateau on small scales, for R = A + /A − < 1 (see [39, 41] for more details). For R = A + /A − > 1 the power spectrum P (k) has s step-down like feature (toward large k).
H. Starobinsky cut off (SBC)
The last model we consider is the Starobinsky exponential cutoff [21, 24] :
where D 2 (y, ∆) is the transfer function of the Starobinsky feature described in Sec. II.G (SB model) and sets the ratio of the two cutoff scales involved.
We follow [24] and fix = 1, which reduces the number of degrees of freedom and the degeneracy problem without affecting the final results. We notice that this model showed the best agreement with previous CMB data when compared with other cutoff potentials [21, 24] .
III. METHODOLOGY
We adopt a Bayesian approach to model selection, since we are interested in knowing whether the latest cosmological data support the inclusion of extra parameters to explain the features in the primordial power spectrum. In our analysis, we choose to use the CMB data set from the latest release of the Planck Collaboration [10] , considering the high-l Planck temperature data from the 100-,143-, and 217-GHz half-mission T maps in the range of 30 < l < 2508, and the low-P data in the range of 2 < l < 29 by the joint TT,EE,BB and TE likelihood.
The minimal ΛCDM model with the PL primordial potential is assumed as reference and is parameterized with the usual set of cosmological parameters: the baryon density, Ω b h 2 , the cold dark matter density, Ω c h 2 , the ratio between the sound horizon and the angular diameter distance at decoupling, θ, the optical depth, τ , the primordial scalar amplitude, A s , and the primordial spectral index n s . We also choose to work with very large prior on these parameters, as listed in the first six lines of Tab (I). We consider purely adiabatic initial conditions and fix the sum of neutrino masses to 0.06 eV , setting the pivot scale at k * = 0.05 Mpc −1 . In addition to the parameters above we also vary the nuisance foregrounds parameters [10] .
The key quantity for Bayesian model comparison is the Bayesian evidence, or marginal likelihood, and is calculated here by implementing the nested sampling algorithm of MultiNest [42, 43] in the current release of the package CosmoMC [44] . In order to computing the angular power spectrum of CMB anisotropies for each model considered here, we modify the CAMB code [45] , included in CosmoMC. Finally, we use the Bound Optimization BY Quadratic Approximation (BOBYQA) algorithm [46] through the Powell's routines as implemented in CosmoMC, to obtain the results for the best-fit values of the parameters and to maximize the likelihood itself. In dealing with model comparison, the evidence is the prime tool to evaluation of a model's performance in the light of the data [47] . This quantity is based on Bayes' theorem, given by:
which relates the posterior probability for the parameters θ given the data d under a model M , p(θ | d, M ), with the likelihood, p(d | θ, M ), and the prior probability distribution function (which encodes our state of knowledge before seeing the data), π(θ | M ). The evidence, the denominator of the Bayes' theorem, is given by
where Ω assigns for the parameter space under the model M . We use the evidence to discriminate two competing models by taking the ratio that is the Bayes factor of the model i relative to the model j. It is worth pointing out that the evidence rewards predictive models [48] , i.e., models with the ability of make predictions that later turn out to fit the data well. On the other hand, models with a large number of free parameters, not required by the data, are penalised for the wasted parameter space (see Refs. [49] [50] [51] [52] [53] [54] [55] [56] [57] for recent work with Bayesian model selection in cosmology). The most usual way to rank the models of interest is adopting a scale to interpret the values of ln B ij in terms of the strength of the evidence of a chosen reference model M j , as showed in Tab (II). We refer the reader to Ref. [47] for a more complete discussion about this scale, which is a revisited and more conservative version of the Jeffreys' scale [58] . Finally, we choose to use the most accurate Importance Nested Sampling (INS) [59? ] to calculate the Bayesian evidence, requiring a INS Global Log-Evidence error of ≤ 0.02.
IV. RESULTS
The main results of our analysis are showed in Tables III and IV . There, we list the constraints on the usual cosmological parameters and on the extra primordial parameters for each model considered in this work. In the last lines of the Table IV , we present the values of ∆χ 2 best and ln B ij (Bayes factor), which are obtained considering the ΛCDM cosmology as the reference model. Fig. ( 2) (left) shows the 2D contours and the marginal one-dimensional posterior distributions for the parameters describing the RN model at 68% and 95% confidence level. For brevity, we do not show similar plots for the other models discussed in Sec. II. Additionally, we show in Fig. (2) (right) the angular power spectra for all models we have examined, which are obtained using the best fit values of Tab. (IV).
We mainly compare our results to the recent work of Iqbal et al. (2015) [24] (IQ15) where a Markov-Chain Monte Carlo analysis was performed using the WMAP-9yr data [60] jointly with the first data release of the Planck collaboration (2013) [61] . It is worth emphasizing that both the Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) adopted by IQ15 differ from the Bayesian model selection approach discussed in Sec. III, as they consider only the point that maximizes the posterior probability distribution to compare the models, taking into account both the number of data points and the number of extra parameters of the models under consideration.
In what concerns the constraints on the cosmological parameters, we note that the introduction of primordial features does not produce significant changes. The only exception is for the PIR model, whose spectral index n s mean value grows up until a red spectral tilt (n s > 1). Our results for the RN model are fully consistent with that found by IQ15 and the most recent Plank Collaboration analysis [1] , i.e., confirming that the zero value for the running of the spectral index α s is off by 68% (C.L.). Even with a better χ 2 with respect to the PL model, the deviation from the standard cosmological model is too low to be supported from the data and we find that the model is moderately discarded, also confirming the recent results of Heavens et al. [57] .
For the empirical parameterizations (SC and EC), the constraints for the cut off scale k c show good agreement with those found by IQ15. However, the Bayesian model comparison performed here shows that the SC model is strongly discarted with respect to the PL model, while the AIC value found by IQ15 for this model indicates that it is as good as the PL model. On the other hand, the EC model is disfavoured with respect to the reference model both by Bayesian model comparison as well as by the AIC and BIC methods.
In what concerns the physical motivated models, the cut off scale of PIR parameterization is in concordance with the constraints of IQ15. As we can see in the right pannel Fig. (2) (magenta line) its prediction is very close to the Left: Two-dimensional probability distribution and one-dimensional probability distribution for the parameters As, ns and αs of the primordial power for the model RN. Right: The best-fit angular power spectra for all models considered in the analysis. The data points correspond to the latest release of Planck data.
ΛCDM curve (∆χ 2 best ∼ 0). For the PIK model, we find a value of k c bigger than was found by IQ15. This implies an extended oscillation (until ∼ 20) and a lower power at large scales. The Bayes factor shows that these models are strongly disfavoured compared to the PL model, which is in agreement with the IQ15 results. For the SB model, we find that, although our constraints for the primordial parameters (k c and ∆) are fully consistent with those found by IQ15, the result of the model selection disagree. The results of IQ15 (AIC) favour such model with respect to the reference model while our Bayesian analysis indicate that it is strongly disfavoured. Finally, the estimates of the SBC primordial parameters (k c , ∆ and α) are also in full agreement with those that IQ15 have found, but again according to both Bayesian model comparison and AIC and BIC values this model is strongly disfavoured compared to the PL model.
V. CONCLUSION
An intriguing aspect of the current available CMB data is the anomalously low value of the CMB temperature fluctuations up to multipole < 40. In the present literature, the most common mechanisms used to address this problem is to consider features in the primordial power spectrum motivated by the early universe physics.
In this work we have used the most recent data release of the Planck Collaboration and performed a Bayesian model selection analysis to test the observational viability of a set of PPS models. Using a revised version of the Jeffreys' scale given in Ref. [47] , our results indicate a moderate evidence in favor of the power-law model, adopted in the standard ΛCDM cosmology, with respect to the Running Spectral Index model (RN), which confirms the recent results of Ref. [57] . Moreover, differently from the results obtained in Ref. [24] , we have found that the standard power-law parameterisation is always favoured with strong evidence when compared to all the other PPS models considered in our analysis (See Table IV ). We believe that the results of the present analysis rule out features in the PPS as a possible explanation for the lack of power observed at large angular scales of the CMB power spectrum and motivate the search for alternative solutions of this open problem.
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